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Abstract

Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy
(FCS) are the two most direct methods to measure the diffusion of molecules in intact living cells.
Ideally, these methods should produce similar results for an identical system. We have used these
methods to monitor the diffusion of two G-protein-coupled receptors and their associated proteins
in the plasma membranes of cells that do not or do contain invaginated protein domains called
caveolae. FRAP studies show that caveolae domains increase the immobile fraction of receptors
without significantly changing their mobility. On the other hand, FCS studies show an unexpected
increase the mobility of caveolae-associated proteins. Our data suggest that the geometry of

caveolae domains gives rise to a confined diffusion of its attached proteins, resulting in an
apparent increase in mobility.
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Fluorescence correlation spectroscopy (FCS)? and fluorescence recovery after

photobleaching (FRAP) are routinely used to measure the diffusion of fluorescent proteins
in cells. FRAP monitors the recovery of fluorescence by the diffusion of fluorophores into a
region that has been bleached by a high-intensity laser. Usually, the bleach spot is on the
micron scale and the recovery is more than 1 min, depending on the mobility of the
fluorophore [1]. FCS, on the other hand, monitors the fluctuations of fluorescence intensity
as molecules diffuse in and out of a small (~1 fl) confocal volume [2]. The most common
type of FCS measurement is single-point FCS, which has the drawback of being sensitive
only to diffusing fluorophores while immobile ones are not detected. Alternately, FRAP
measurements give a good indication of the population of species that are immabile during
the sampling period. In principle, FCS and FRAP should offer similar and complementary
information. However, because the size of the sampling areas differs greatly in the two
methods, discrepancies may arise due to local structural barriers that impede or corral the
movement of probes. This is particularly true on the plasma membranes of living cells where
diffusion barriers exist (see, e.g., Ref. [3]).

© 2013 Elsevier Inc. All rights reserved.
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receptor; eGFP, enhanced green fluorescent protein; viFRAP, variable radius FRAP; N&B, number and brightness.
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Here, we have used FCS and FRAP to determine the effect of membrane domains called
caveolae on the diffusion of two related integral membrane proteins. Caveolae are flask-
shaped membrane invaginations (see Fig. 1 and Refs. [4-6]) formed from the caveolin
family of proteins (see Refs. [6-11]). Caveolae are found on the plasma membrane of many
mammalian cells. These domains appear to participate in vesicle trafficking and endocytosis.
In addition, caveolin proteins (i.e., Cavl and Cav3) may specifically bind to other cellular
proteins involved in transmission of extracellular signals (see, e.g., Refs. [12,13]).

An important class of signaling proteins that may target caveolae are G-protein-coupled
receptors (GPCRs) [14]. GPCRs are the largest family of mammalian receptors that
structurally consist of seven transmembrane helices. When an extracellular agent interacts
with its specific GPCR, it initiates a series of sequential molecular interactions that involve
activation of surface-associated heterotrimeric G proteins and subsequent activation or
inhibition of cytosolic enzymes that result in various cellular responses [15]. Many GPCRs
and G-protein subunits have been reported to localize in lipid rafts and caveolae domains
(see Refs. [14,16]). By corralling GPCRs and G proteins, caveolae may affect signaling by
promoting their oligomerization, their association with agonists, and their interaction with
intracellular G proteins.

Heterotrimeric G proteins are activated by GPCRs and consist of a Ga and a Gy subunit.
There are four families of Ga subunits, and only the Gog subtype has been reported to reside
in caveolae domains [16]. Our laboratory used live cell fluorescence imaging to show that in
the basal state, GogGPy localizes to caveolae domains [17] due to strong interactions
between Gag and Cavl [17,18]. For those studies, we used Fisher rat thyroid (FRTwt) cells
with corroborating experiments in other cell lines. FRTwt cells do not express detectable
levels of Cavl, but a sister line that is stably transfected with canine Cavl (FRTcav+)
displays caveolae domains as visualized by electron microscopy [7,19]. In this cell line,
caveolae appear at high density on the basolateral membrane and very little on the apical
membrane. Furthermore, caveolae are enriched in regions of cell-to-cell contact in accord
with the observations that they may organize proteins involved in intercellular signaling
such as connexins [20].

Gay is coupled to many GPCRs, and its activation results in an increase in intracellular
calcium, resulting in mitogenic and proliferative changes in the cell (see Ref. [15]). One of
the more notable GPCRs that is coupled to Gay is the bradykinin type 2 receptor (BR). BoR
binds the extracellular agonist bradykinin, which is a key mediator of the inflammation
response [21]. The binding of bradykinin to ByR activates Gay, resulting in activation of
phospholipase CB (PLCB) enzymes that ultimately results in an increase in intracellular
calcium and activation of many calcium-sensitive proteins. FRT cells do not express B;R
receptors, allowing us to monitor the effect of caveolae domains on the homo-
oligomerization of these receptors.

We have found that the presence of caveolae greatly affects BoR/Gay signaling, correlating
with a significant increase in calcium release in FRTcav+ cells as compared to FRTwt
[17,20]. In addition, we have found a significant amount of Forster resonance energy
transfer (FRET) between eCFP-Cavl and B,R—eYFP and between enhanced cyan
fluorescent protein (eCFP)-Cav1 and Gag—eYFP (enhanced yellow fluorescent protein),
supporting a caveolae localization of these proteins [17,20]. These studies, as well as
sedimentation studies, suggest that BoR localizes to caveolae domains [22]. In contrast, the
presence of caveolae does not affect the function of another GPCR pathway, the p-opioid
receptor (MOR)/Ga; system, correlating with a lack of FRET between these proteins and
Cav1 [20].
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Here, we have measured the impact of caveolae on the diffusion properties of B,R using
FCS and FRAP. Although FRAP studies show a small increase in the immobile population
of B2R in the presence of caveolae, FCS studies show an unexpected increase in receptor
mobility with caveolae. We postulate that this surprising FCS result is caused by confined
movement of BoR to the periphery of caveolae domains.

Materials and methods

Materials

FRTwt and FRTcav+ cells and canine Cavl-eGFP (enhanced green fluorescent protein)
DNA were gifts from Deborah Brown (Stony Brook University) and were cultured in F-12
Coon’s modified medium obtained from Sigma, as described previously [17]. Cells were
imaged in Leibovitz’s L-15 medium from Gibco (see Ref. [23]) and transfected using
Lipofectamine (Invitrogen) following the manufacturer’s protocol.

MOR-eGFP and Gaj—-eYFP were obtained from Lakshmi Devi (Mount Sinai Medical
Center). Gag—eYFP was obtained from Catherine Berlot (Geisinger Research). B,R and
B,R-GFP were obtained from Fredrik Leeb-Lundberg (Lund University). We have found
that expressed proteins are functional [17,20,24]. The membrane marker is an eYFP fused
with the first 20 amino acids of Gap-43 and is palmitoylated on cysteines 3 and 4
posttranslationally (Clontech).

FRAP measurements

FRTwt and FRTcav cells expressing fluorescently tagged proteins were seeded on glass-
bottom dishes (MatTek). Cells were imaged with a 60x oil objective (NA 1.42) using an
Olympus FluoView FVV1000 microscope. For variable radius FRAP (vrFRAP), the focal
plane was set on either the top or bottom membranes and circular regions of interest with
increasing radii (1, 2, or 3 um) were selected for bleaching. For areas of basolateral
membranes and cell-to-cell contact, an approximately 2 x 2-pum rectangular region was
selected for bleaching. The region of interest was illuminated with a high-intensity (100%
transmittivity) 488-nm argon ion laser for 500 ms, and the recovery was observed for 120 s
under low-intensity illumination (2% transmittivity). Under these bleaching conditions, at
least approximately 50% of the original intensity was bleached after 500 ms of the bleaching
pulse. To correct for photobleaching, a similar region of interest in a nonbleached cell
located in the same field of view was selected and the time-dependent decrease in
fluorescence was used to correct the recovery curves. Cells that exhibited cell movement or
excessive photobleaching were not considered for the analysis. The corrected fluorescence
recovery was fitted as described previously, using one component exponential fit [24].
Comparison of the normalized FRAP curves was performed using a Student #test with a
statistical significance of £< 0.010 using SigmaPlot (Jandel Scientific).

FCS measurements

FCS measurements on cells expressing the membrane protein of interest were performed on
an LSM 510-Confocor 2 system equipped with a 40x (NA 1.2) water immersion objective.
GFP and YFP were excited using 488- and 514-nm argon ion laser lines, respectively, and
the fluorescence emission was recorded using an avalanche photodiode through a longpass
emission filter. The beam waist, ay, and focal volume were calibrated with 10 nM
rhodamine 6G solution (D= 2.8 x 1076 cm?/s). Measurements of each cell were taken over
30 s and repeated more than four times. For each cell, the traces were averaged to obtain the
final autocorrelation function to be used for fitting. The power of the excitation laser was
adjusted such that there was sufficient signal-to-noise ratio and minimal photobleaching.
Photobleaching was assessed by observing the time-dependent decrease in intensity of the

Anal Biochem. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Calizo and Scarlata

Page 4

time trace. This was achieved using 55% output of a 500-mW maximum output argon ion
laser and 1% transmittivity for both the 488- and 514-nm laser lines. Traces that showed a
decrease or increase of intensity over time were not used for analysis. Autocorrelation
functions were analyzed using a two-component, pseudo-two-dimensional diffusion model
by modifying the three-dimensional diffusion fitting routine provided by the Confocor2
software with the following equation and setting the structural parameter to quasi-infinite:

1 r\! T -3
G(T)—1+N{(l+;) (1+52T,)) }

where 7is the correlation time, 7 is the average time a particle spends in the confocal
volume, Nis the average number of molecules in the confocal volume, and S'is the
structural parameter. Swas set to 100 (quasi-infinite) for two-dimensional diffusion. The
diffusion coefficient, D, is calculated from the 7, of a molecule using the Einstein relation
for diffusion: /2 = 4D x 1p, where ris the radius of the observation volume. For GFP-tagged
proteins a fast component (~100-300 ps) is attributed to autofluorescence [25], whereas for
YFP-tagged proteins the fast component in the time scales of 10 to 30 us due to flickering of
the eYFP was observed [26]. In both cases, a slow component in the 10- to 50-ms time range
due to membrane diffusion could be clearly resolved in the autocorrelation curves.

Number and brightness analysis

Results

An Olympus FluoView FVV1000 microscope was used to determine the molecular brightness
and number [27-29]. Data were taken at 12.5 ps/pixel, and an image series of 100 slices was
acquired in the pseudo-photon-counting mode with a pixel size of 107 nm using an argon
488-nm laser and 0.1% transmittivity, as described previously [30].

Visualization of caveolae domains

The size of a caveolae domain is too small to observe by fluorescence microscopy (i.e., ~50—
100 nm in diameter; see Refs. [4-6]). In FRT cells, caveolae are concentrated on the
basolateral membrane as opposed to the apical membrane [20]. To ensure that we will be
viewing caveolae domains in FCS measurements, we estimated the number of caveolae that
would be illuminated in a confocal volume. Confocal imaging of GFP fluorescence in
FRTwt cells transfected with Cavl-eGFP suggests that 82% of the fluorescence intensity is
on the basolateral membranes (7= 20) (see Fig. 1). By analyzing the fluorescence intensity
of Cav1-eGFP on the basolateral membranes of these cells (7= 20), we estimate that
caveolae domains account for approximately 40% of the basal and lateral membrane areas.
Even though this model is based on the diffraction-limited measurements of Cavl-eGFP
and should be considered only as an estimated assessment of the area, it indicates that there
is a high probability of viewing caveolae on the basal and lateral membranes in FCS
measurements. Because larger areas are bleached in FRAP measurements that may
encompass other regions besides the caveolae-rich basolateral membrane, it is possible that a
smaller percentage of caveolae is viewed.

FRAP studies

We determined the impact of caveolae on receptor diffusion by FRAP. These studies were
initiated by measuring the diffusion of Cavl-eGFP expressed in FRTwt cells that do not
contain caveolae. We find that after bleaching, the fluorescence of Cavl-eGFP does not
recover over a 100-s period, suggesting an extremely limited diffusion. This immobility is
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consistent with Cav1 forming protein domains (Fig. 2A). We then measured the diffusion of
a commercially available plasma membrane marker consisting of an eYFP linked to a small
peptide with two hydrocarbon chains that anchor the fluorophore to the membrane surface.
This construct is introduced into cells by transient transfection (see Materials and Methods).
This marker should be freely diffusing on the membrane surface, and we find that its
diffusion is unaffected by the presence of caveolae (Fig. 2B), suggesting that caveolae do
not affect diffusion of small lipid components. In addition, Gag, which is only peripherally
bound to the membrane surface, is not sensitive to the presence of caveolae in FRAP
measurements, suggesting that surface diffusion of this protein is similar on caveolae and
non-caveolae surfaces (Fig. 2C).

If BoR is incorporated into caveolae domains, we would expect its diffusion to be slower on
the basolateral membrane where caveolae are localized, but not on the apical membrane
where little caveolae are found. In accord with this idea, we find either no significant or
small differences in the diffusion coefficients of B,R in the basolateral and apical
membranes of FRTwt cells and FRTcav+ cells, which may be attributed to small differences
in membrane structure (i.e., curvature of the apical membrane because it is not bound to
glass, small folds in the lateral membrane, etc) (Fig. 3A and B). In addition, the recoveries
of HOR in the basolateral and apical membranes were within error, as were the recoveries of
HOR in the absence and presence of caveolae domains (Table 1 and Fig. 3A and B).
However, when viewing caveolae-rich FRTcav+ basolateral membranes, the mobile
fractions of both receptors are significantly reduced (Fig. 3C). Because both receptors show
high mobility as compared with Cav1-eGFP, and because the presence of caveolae similarly
effects their diffusion, these results suggest only a weak association of the receptors to
caveolae domains. FRAP results are summarized in Table 1.

The distribution of caveolae is not uniform and the diameter of the bleach spot is relatively
large, so there is a possibility that diffusion from membrane regions besides the basolateral
membrane contributes to the observed recovery. We repeated the FRAP measurements with
increasing radius of bleach spot (viFRAP) on the basolateral membrane. This method has
been previously used to investigate the lateral confinement of NK2 receptors in HEK293
cells [31] and in uOR in a neuronal cell line [32,33]. For receptors exhibiting confined
diffusion within a domain size s, the authors found an inverse linear relationship between the
mobile fraction, M, and the radius of the bleach spot:

M=M,+0.63—,
R

where Mp is the permanent mobile fraction. Furthermore, the diffusion coefficients obtained
from each size of the bleached spot are apparent diffusion coefficients that depend on the
domain size, r, the mobile fraction, and the size of the bleach spot, ~. We see this
relationship between the mobile fraction and bleach spot size for both B,R and pOR, but we
could not detect significant differences in immobile fractions or apparent diffusion
coefficients between FRTwt and FRTcav+ cells. This suggests that there are other
mechanisms of receptor confinement in the absence of caveolae. We also find that the
diffusion coefficients obtained using vrFRAP are similar to reported values (Table 2 and
Fig. 4). Taken together, the FRAP results are inconsistent with a caveolae localization of
B2R but instead correlate with a transient localization.

FCS measurements

We measured the mobility of B,R and pOR using single-point FCS. Fig. 5 shows an
example of raw data and residuals, whereas the compiled results are listed in Table 1. We
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found that the apparent diffusion coefficients of yJOR—-eGFP on the basolateral membranes
of FRTwt and FRTcav+ cells were identical. In addition, the apparent diffusion coefficients
of BoR—GFP in the apical membranes of FRTwt and FRTcav+ cells were similar.
Furthermore, the mobility of the membrane marker, mm-YFP, slowed in the presence of
caveolae (Table 1). This reduced mobility is interpreted as being due to a small amount of
incorporation of the palmitoyl groups into the domain because saturated lipids tend to
incorporate into caveolae [4,5]. We note that the diffusion coefficients determined by FCS
are faster than FRAP measurements (see Table 1) but are comparable to other reports of
GPCR diffusion measured by FCS (see compilation in Ref. [24]).

In contrast to observations for diffusion on the apical membrane, when we focused on the
caveolae-rich basolateral membrane of FRTcav+ cells, we found a significant shift in the
apparent diffusion of B,R toward faster mobilities: D= 8.1 + 0.8 x 10710 cm?/s (7= 80) for
FRTwt and D= 14.9 + 0.9 x 1072 cmy/s (7= 86) for FRTcav+ (P< 0.001). In addition, we
found that the distribution of B,R diffusion coefficients differ in the two cell types (Fig. 6);
a narrow distribution was seen for FRTwt cells as compared with a broader distribution in
FRTcav+ cells. Similarly, a shift toward faster apparent diffusion coefficients in the
presence of caveolae was seen for Gog-eGFP, which has been shown to interact with
caveolae (6.2 = 0.3 x 1079 cm?/s (n=75) for FRTwt and 11.0 + 0.1 x 1078 cm?/s (n=74)
for FRTcav. As a control, we monitored the diffusion of another G protein that does not
interact with caveolae, Gai—eGFP [16], and found that caveolae do not affect their apparent
diffusion (1.4 = 0.1 x 1078 cm?/s (n= 88) for FRTwt and 1.6 + 0.1 x 1078 cm?/s (= 74) for
FRTcav+ cells). The unexpected observation that BoR and Gag appear to diffuse more
rapidly on the basolateral membrane of FRTcav+ cells, whereas yOR and Gai do not,
indicates that caveolae are perturbing the movement and/or organization of these proteins
(see Discussion).

Number and brightness studies

It is possible that B,R exists as an aggregate that can be disrupted by caveolae, resulting in
an increase in mobility. To determine whether this is the case, we monitored changes in the
aggregation state of BoR by number and brightness (N&B) analysis [27]. N&B analysis
reports on the molecular brightness and oligomerization of a fluorescent-tagged protein,
resulting in higher values of molecular brightness values compared with the brightness of a
monomeric control. In these studies, brightness was measured by following changes in
fluorescence intensity on a confocal microscope pixel by pixel over a time series of
repetitive scans, as described previously [30]. However, we could not detect significant
differences in the brightness of the basolateral populations of yOR in FRTwt or FRTcav+
cells (29,904 + 166 vs. 29,026 + 207 counts/s/molecule) or of BoR in FRTwt or FRTcav+
cells (24,386 + 418 vs. 24,014 + 704 counts/s/molecule). These results suggest that caveolae
are not affecting the homo-oligomerization of these receptors.

Discussion

Several methods have suggested that BoR and Gay localize to caveolae domains
[16,17,20,22,34,35]. We recently presented functional and FRET data supporting the idea
that a subpopulation of B,R localizes in caveolae domains [20]. In this study, we have used
diffusion measurements to test this idea. However, rather than support a caveolae
localization of B,yR, we find a much more complicated picture. FRAP measurements showed
that the presence of caveolae did not affect the diffusion coefficients of the membrane
marker, the surface-associated protein Goyg, or the two receptors. The inability of caveolae to
affect diffusion of these proteins may be due to the large membrane area sampled in FRAP
measurements that may include regions containing little caveolae. In addition, the ability of
a caveolin molecule in a caveola that contains more than 100 caveolins as well as other

Anal Biochem. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Calizo and Scarlata

Page 7

proteins to fully compete with receptors for Gag, and the ability of Ga, to compete with
other caveolin proteins in the domain, would most likely not result in a significant drop in
Gag mobility.

Because Cavl is essentially immobile, caveolae should increase the immobile population of
the proteins. Although an approximately 15% increase in immobile population of BoR was
observed, a similar increase was seen for yORs, which do not appear to localize to caveolae
domains based on functional and FRET studies [20]. Thus, the mechanism underlying the
increase in immobile fraction with caveolae might be due to a general diffusion barrier of
these domains that nonspecifically affects larger transmembrane proteins.

Although FRAP studies could not detect differences between pOR and BoR, FCS
measurements that are more sensitive to local diffusion show that caveolae domains give an
apparent increase in the mobility of BoR but not uOR. The faster mobility of B,R in the
presence of caveolae is unexpected because interaction with caveolae would be expected to
impede diffusion. However, because caveolae is affecting the rate of BoR diffusion, and
because Cav1 is close enough to participate in FRET with the receptor, we suggest that a
novel model for BoR—caveolae localization may explain these seemingly contrary results.
We propose that the faster apparent diffusion of BoR in the presence of caveolae results
from confined diffusion around the neck region of the domains rather than partitioning of
the receptor into the domains. This peripheral association would result in a quasi-one-
dimensional circular diffusion on the caveolae exterior. How would this affect the observed
diffusion? In FCS measurements, a membrane area of approximately 250 nm is illuminated
and there is the possibility of viewing many caveolae of the basolateral membrane because
their diameters range from 50 to 100 nm and their density is high on the basolateral
membrane (see Fig. 1). If the domains are totally contained within the FCS illumination
volume, their diffusion cannot be detected by FCS because FCS is sensitive only to
movement of fluorophores in and out of the confocal volume. Alternately, if the domains are
partially contained in the illuminated area, the quasi-one-dimensional diffusion of receptors
along the caveolae periphery would give rise to a faster effective diffusion in the observation
area because its diffusion is confined in the domain periphery. The variation in the number
of caveolae, the amount of their circumference illuminated, and the amount of receptors
associated with the periphery would give rise to a broadened distribution of observed
diffusion coefficients toward faster values, which is consistent with Fig. 6. A peripheral
localization would fit well with the functional, FRET, and sedimentation studies described
previously [20,22]. This model is depicted in Fig. 7. Although other interpretations are
possible, a quasi-one-dimensional diffusion of receptor along the caveolae neck is the
simplest. B,R has been reported to internalize through a caveolae pathway [22], and if this
were the case one would expect a reduction of mobility with stimulation as the receptor
incorporates into caveolae vesicles. The similar value of BoR diffusion properties in the
absence and presence of caveolae with bradykinin stimulation (see Supplemental Fig. 1 in
supplementary material) also supports a peripheral localization. Super-resolution studies are
under way to test this hypothesis.

In summary, this study has highlighted the dependence of diffusion measurements on the
geometry of proteins diffusing in membranes and other confined systems. Care must be
taken in both the analysis and interpretation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A) Example of the distribution of Cavl-eGFP in the Zdirection expressed in an FRTwt
cell. (B) Corresponding image of the cell. (C) Expanded view of a region of the image in
black and white and binary depiction. (D) Cartoon depicting caveolae in an FCS-based
illuminated measurement.
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Fig. 2.

FRAP studies of Cavl-eGFP (A), membrane marker-eYFP (Clontech) (B), and Gyq—eGFP
(C) diffusing in the basolateral membrane of FRTwt and FRTcav+ cells. The open and
closed circles are for data taken in FRTwt and FRTcav+ cells, respectively, where 7= 10 to
13 (see Table 1). The data shown are average values and standard errors.
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Fig. 3.

(A and B) FRAP studies of BoR—GFP (A) and pOR-GFP (B) diffusing in the basolateral
membrane of FRTwt cells (@) and FRTcav+ cells (o), showing compiled data (top) and
sample images (bottom), where n= 12 and 13 (see Table 1) and the arrow points to the
bleached spot. (C) Comparison of mobile fractions in FRTwt and FRTcav+ cells obtained
from FRAP curves in Fig. 5A below. Data are shown with standard errors. Because the data
have a normal distribution as determined by a Shapiro—Wilk test, a Student ftest was
performed between FRTwt and FRTcav+ for each membrane protein. An asterisk indicates
statistical difference in the mobile fractions of membrane proteins between FRTwt and
FRTcav (P< 0.001).
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FRAP studies of BoR—GFP (A) and pOR-GFP (B) diffusing in the basolateral membrane of
FRTwt and FRTcav+ cells where the size of the bleach spot was varied. Although the
calculated diffusion coefficient decreased approximately 3-fold with bleach size,

accompanied by a decrease in mobile fraction, no significant differences between mobility
or mobile fraction for either receptor in FRTwt and FWTcav+ were found.
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Representative FCS curves of B,R—GFP in FRTwt and FRTcav cells showing the fit and

residuals for each curve.
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Fig. 7.

Cartoon describing our proposed model of B,R diffusion in the presence of caveolae. (A)
B2R (orange rectangle), with its attached Gqq (green triangle), is transiently confined to
diffuse on the periphery of caveolae (small blue circle) due to interactions between Cavl
and Gggq. (B) Cartoon depicts the illumination diameter in an FCS measurement focused on a
plasma membrane region rich in caveolae (blue dots). (C) Side view of a caveolae domain in
which B3R (orange rectangle) with its attached Gqq (green triangle) diffuses on the
membrane until it encounters a caveolae invagination. The G protein interacts with the
caveolin proteins while the receptor remains bound. It is possible for Gyq to diffuse on the
surface of the caveolae domain, becoming detached from the receptor, which does not enter
the domain. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 1

FRAP and FCS results for proteins in FRT cells.

Cell type Protein Diffusion coefficient Mobile fraction  n (cells)
aFRTwt UOR-eGFP  47+0.9x10 1 cm%s 0.80+0.04 12
aFRTcav+ POR-eGFP 4.1+0.7x10cm2/s 0.77+0.02 12
aFRTwt B,R-GFP 46+06x101cm%s 0.80+0.03 6
5.0 £ 0.6 x 1079 cm?/s 22
aFRTcav+ B,R-GFP 43+06x101cm%s 0.79+0.04 6
6.3 0.7 x 107° cm?/s 21
bFRTWt ~ HOR-eGFP 57+07x10cm%s 0.66+0.04 12
3.2+0.2 x 107% cm?/s 18
b-FRTcav+ JOR-eGFP  53+0.7x 10t cm?/s 0.49+0.02 12
3.4+0.2x107% cm?/s 16
bFRTWt  B,R-GFP  6.8+0.7x10cm¥s 0.64+0.03 13
8.1+ 0.8 x 1079 cm?/s 80
b-FRTcav+  B,R-GFP 6.0+0.8x 10 cm%s 0.51+0.03 12
14.9+0.9 x 107 cm?/s 86
b-FRTwt mm-eYFP  57+06x 101 cm?s 0.82+0.04 10
12.3+0.3 x 1079 cm?/s 81
b-FRTcav+ mm-eYFP  57+03x 101 cm?s 0.82+0.03 13
9.3+0.3x 1079 cm?/s 60
b-FRTwt Gog—eGFP  2,0+0.2x 10 ¢m%s 0.64+0.03 12
6.2 +0.3 x 107° cm?/s 75
bFRTcav+ GogeGFP  21+0.2x100cm?s 0.62+0.02 10
11.0 £ 0.1 x 107 cm?/s 74

Page 17

Note: Shown are diffusion results for proteins and membrane marker (mm—eYFP) in FRTwt and FRTcav+ cells, where “&” denotes the apical

membrane and “&” denotes the basolateral membrane. Values in normal font are those derived from FRAP measurements, whereas FCS

measurements are in bold font. Diffusion coefficients assuming a 2 x 2 x 2-um area reflect the beam dimensions in the x, , and zplanes and are
thought to be appropriate for viewing membrane proteins diffusing in the basolateral membrane. Diffusion coefficients assuming a 2 x 4-uM area
(not shown) were consistently 1.7 + 0.1-fold lower in magnitude but the comparative results are unchanged. The data have a normal distribution as

determined by Shapiro-Wilk test, and standard errors are shown. Differences in the mobile fractions for yOR and B2R in the basolateral
membranes of FRTwt and FRTcav+ cells are significant (P < 0.001), whereas differences for mm-eYFP and Gog-eGFP are not. Statistical

analysis for the mobile fraction data can be found in Fig. 3C. These results show similar FRAP diffusion properties of the receptors in the absence
and presence of caveolae.
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Table 2

Results of viFRAP in FRT cell basal membranes.

Cell type Protein Diffusion coefficient Mobile fraction  n (cells)
FRTwt 1 pm HOR-eGFP  4.1+03x10"0¢cm?s 0.81+0.02 19
FRTwt 2 ym HOR—-eGFP  23+0.2x10"0¢cm2/s 0.75+0.02 19
FRTwt3pym  HUOR-eGFP  15+0.1x100cm?s 0.70£0.02 19
FRTcav+ 1pm LOR-eGFP  4.0+02x10"0cm?s 0.79+0.02 15
FRTcav+2um pOR-eGFP  21+0.1x1070cm%s 0.74+0.02 14
FRTcav+ 3ym POR-eGFP 1.4+0.1x10°cm?s 0.65+0.03 15
FRTwt 1 ym B,R-GFP 25+0.2x100cm?s 0.73+0.02 14
FRTwt 2 ym B,R-GFP 17+02x100¢cm?s 0.71+0.01 13
FRTwt 3 ym B,R-GFP 13+0.1x100¢cm?s 0.73+0.01 12
FRTcav+ 1pm  B,R-GFP  1.8+0.1x1070cm?s 0.80+0.02 15
FRTcav+ 2 pm B,R-GFP 1.9+0.2x100¢cm2/s 0.72+0.03 14
FRTcav+3um  B,R-GFP 12+01x100¢cm?s 0.72+0.04 15

Page 18

Note: Diffusion coefficients were calculated by taking the values of #1/2 of the fitted recovery curves and calculating the diffusion by Einstein’s

equation.
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